12 United States Patent

US011809788B2

(10) Patent No.: US 11,809,788 B2

Vayssettes 45) Date of Patent: Nov. 7, 2023
(54) METHOD FOR SIMULATING THE (52) U.S. CL.
PHYSICAL BEHAVIOR OF A TIRE AND CPC oo, GOG6F 30/15 (2020.01); GO6F 30/23

APPLICATION TO REAL-TIMEL
SIMULATION

(71) Applicant: COMPAGNIE GENERALE DES
ETABLISSEMENTS MICHELIN,
Clermont-Ferrand (FR)

(72) Inventor: Jeremy Vayssettes, Clermont-Ferrand
(FR)

(73) Assignee: COMPAGNIE GENERALE DES
ETABLISSEMENTS MICHELIN,
Clermont-Ferrand (FR)

*)  Notice: Subject to any disclaimer, the term of this
J y
patent 1s extended or adjusted under 35

U.S.C. 154(b) by 231 days.
(21) Appl. No.: 17/052,670

(22) PCT Filed: ~ May 3, 2019

(86) PCT No.: PCT/FR2019/051022
§ 371 (c)(1),
(2) Date: Nov. 3, 2020

(87) PCT Pub. No.: W02019/211570
PCT Pub. Date: Nov. 7, 2019

(65) Prior Publication Data
US 2021/0240879 Al Aug. 5, 2021

(2020.01); GO6F 2111/10 (2020.01); GO6F
2119/14 (2020.01)

(58) Field of Classification Search
CPC ... GO6F 30/15; GO6F 30/23; GO6F 2119/14;
GO6F 2111/10

See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

5,930,155 A *  7/1999 Tohi .....coooeevviinnnnil, B60C 99/006
73/146
6,741,957 B1* 5/2004 Sui .........ccooeeiii B60C 99/006
73/146

(Continued)

FOREIGN PATENT DOCUMENTS

FR 2905496 Al 3/2008

OTHER PUBLICATTIONS

F. Bai, K. Guo, and D. Lu, “Tire Model forTurn Slip Properties” pp.
353-361, 2013 (Year: 2013).*

(Continued)

Primary Examiner — Kibrom K Gebresilassie
(74) Attorney, Agent, or Firm — VENABLE LLP

(57) ABSTRACT

A method for simulating the physical behavior of a tire
comprises, to calculate a resultant force transmitted by the
tire between the ground and the vehicle at a given instant:
modelling (Ea) of the contact area 1n the form of a square
surface, discretization (Eb) by a subdivision in slices
orthogonal to the direction of travel of the tire, determination
(Ec) of the nature of the contact, gripping or sliding, as a
function of the steering lock angle, calculation (Ed) of the
clementary force exerted on the slice by application of

(Continued)

\" Modelling of the contact ares as square surface

|

(30) Foreign Application Priority Data
May 3, 2018  (FR) i 1853840
(51) Int. CL
Gool’ 30/15 (2020.01)
Gool’ 30723 (2020.01)
(Continued)
£a .
Eb -
.|

Discrstization of the square surface in slices

|

Ec ..

‘\_ Determination of the naiure of the contact

for each sfice

|

Ed .

‘\\ Calculation of the slemoantary focrce on
: agch slice a2z a fynction of the natura

of the coniact

|

Fe ..

‘\- Catcdiation of the resultant force by nmlagration
: of the elemantary forces




US 11,809,788 B2
Page 2

predetermined equations, tire, and calculation (Ee) of the
resultant force by integration of the elementary forces over
the entire square surface.

14 Claims, 4 Drawing Sheets

(51) Inmnt. CL
GO6F 119/14 (2020.01)
GO6F 111/10 (2020.01)
(56) References Cited

U.S. PATENT DOCUMENTS

7912,683 B2* 3/2011 Miyashita ........... GO1IM 17/022

152/209.15

8,560,289 B2 10/2013 Fevrier et al.

2007/0074565 Al* 4/2007 Jayakumar .............. GO6F 30/23

73/146
2009/0292515 Al

2019/0118582 Al*

11/2009 Fevrier et al.
4/2019 Mansuy .............. B60C 11/0304

OTHER PUBLICATTONS

International Search Report dated Aug. 8, 2019, in corresponding

PCT/FR2019/051022 (4 pages).

F. Bai, et al., “Tire Model for Turn Slip Properties,” Sae Int. J.
Commer. Veh., vol. 6, No. 2, pp. 353-361 (2013), XP055525093.
P. Jagt, “The Road to Virtual Vehicle Prototyping: New CAE-
Models for Accelerating Vehicle Dynamics Development,” Eindhoven:
Technische Universiteit Eindhoven (2000); XP055524980.

J. Svendenius, et al., “Review of Wheel Modeling and Friction
Estimation,” Lund, pp. 3-38 (2003);, XP055525467.

* cited by examiner



U.S. Patent Nov. 7, 2023 Sheet 1 of 4 US 11,809,788 B2

ta
Modelling of the contact area as square surface
Eb
Discretization of the square surface in slices
EC
Determination of the nature of the contact
for each slice
Ed
Calculation of the elementary force on
each slice as a function of the nature
of the contact
Ee

Calculation of the resuitant force by integration

of the elementary forces




US 11,809,788 B2

Sheet 2 of 4

Nov. 7, 2023

U.S. Patent

;

]
H“l”l"\.“ﬁ"ﬂ”ﬂ“ﬂ
L IHIIIHIHIHHHHHHHHHHHH

i

SR

i i
e
i

L

ig.

o

L )

.___.4.___“.___”.___“.__.”___ .___”.__..___.___.4 .___“.___._...._”...“.___....._“...H.._“.._H...“.___....._“...H.___... R RN
MM NN “ “.4“ ”.4“ “.4._.. . A
] L LR A N *

- l.“I“l.“'”l.“.“#“I“l.“'”l.“.“l.”I“l.“'“l.“

) H__._”._._H.___”._..H._._H____”._._”._._”____”.__.H____H__._”.__.”.___”._._H__._H.___H._._”___.”._._H.___”__..H._._”.___H...”__._H_._”...H____H_._”._._”.._H.._”....q.._....._.q
R R R R R R N N )
0 0 B B AC B R S AU 3 AC M R A0 A0 M RC AC BC R A0 S A0 S M A0 M R A0 M M

- N R R A R R R N R R
R N R N R R R R M A M R N N NN N R M A
W e ek kb gk
L R R R R R A S R A N NN )

- R R R N R A
L R R R R R R R R N R R R R AR M MR R

- R R R R R R R N R R O R A M N
R N R R R R N N A MR NN

- R N R R R N R R
L R T R I R R R N R R R R A RN

- N N R R R R N R R W M N
L 0 B R A E R S BC A S A A0 0 N B AC B M C BC B 3 A A0 M 3R MM

- N R R R R N )

R N N R N R R N R R R MR RN

= R R I R R R R M RN R )

L R R R R O R N S R R S RN RN

- R R R N N
L R R R R R R AR A MR R A R M A M

- R N R R R R R R R R R )

R 0 R R R N R S M N A M N N N A

- R N R R R R ) P
L R R R R e R R R R R R S RN )

- R N R R A R M )

0 0 B0 B A0 B A S AU 3 A0 M0 R AC B M RCAC BE M A0 BC A S A A N

- R R R R A R R R )

B A A

T N A N L Aty
L A e R N
L R N R A MR )
N R N N )
L BC BC 3 0 BC 0 M A0 B MR A0 )
L R A R )
L R R NN N R M N )
N R N N M
L A N B S A MR
R N A R )
L R C R A N M M RC B M R )
L R R R R R )
L B 3 M N A0 M N )
L e N
L R N R A MR )
N R N N )
L BC BC 3 0 BC 0 M A0 B MR A0 )
L R R R N )
L R R NN N R M N )
N R N N M
L A N B S A MR
R N )
L R C R A N M M RC B M R )
L R R R S R R )
L R S R SR N M N N A
L R R R

L) L R I RN S R N R R N

. “4“_..”4”4“_..”4“4“4” H4“._..”_4.__.4._._4.___4._._4“._..H.4”4“__..”.4”4“_4”.4”4“4”4”4“4”4“4“4”4”4“4”
L N N R R R N N R N R R MU NN

- N R I N R M N R N M )
L R R R R R N N R R SR BN

- N N R N R N M )
L R R R R R R R N R R R R R R A MR

B 5 a a a L) R N R R R R R R R N M)
L B0 S 3 L L S B0 0 SR ML A S 0 N A )

- L ) L e R N N
L R R R R e R R R N N R A N M R N AN

- R N N R N M R R R N R N
L 0 0 B B0 B A S AU 3 A0 M0 B A0 B M RCAC BC R A0 BCAC S A A0 0 3C B0 A0 MM A A

- R R N R e R R R R )

o N R N R R R N R R R N R N R R R R R N R M A )
o R MM R N R MMM e R MM M M e R R M e e R N M M e e R N M M e e R N M M M B

VNN I SN ININE TR N I N SN R N

I I I I R R e I e I e N e )

L I A N L N A T et A T Rt N R L e e TH
110 Lo T A I I I I A e M I M R A M I e W N R W M
|y "™ e e e e e e e e e e
._._n.__.._._ AL LR AT AR MR a wlatata T " .__q.__..___.___._...._q.__..q.___._...__q...._._.___....q.....q.___._...q....._._.___...L...
- - . e P N R
[yl P A R R A L R A e T
[} A L A M N
I " P A A TN M PO I A T
- ) W A ]
[y Lt A A At AL A S e 2 TH
- - T o
I aw s . ....4.___...“.4....._.___...“.._....4.___...“4....._._._...” ERC A EN M
e e A e M M ML M i

L AR M Bt A A A M M Mt .l
X A A A M L M A T

L O I LA N M M LA i

[ ML, Pa o ax w aa aan e .
W R A R B R P
L P MR )
e e T M M N AL M L w e
L e e e e ’

L AR M Bt A A A M M Mt .l
| A e ta R e . Ay
T e e e . i

[ M A Bt A M M Mot A A . .l
Ipra T a e aTa n e o A ™ Ay
[yl T T T o " o e M
L e e e - da T ’

LI MO Mt T A I M e N 1 . LRGN i
W | e e e e ™ e
T W A T R T N " e
A N I A AR e P A R - A
g | oA e e e g " a

:

_._n._.n..______”:..lii..

- A A » o - WA AR
A A A A A A LA UM LA Al L ACRC AN
T e e N S R A L...

L] L] L]

._._”.4“.__ “.4”._._“...“ ._._”.4“...“ #H._._“...“ b”.qu...“ 4”.___“...” _._”.4“._.. " 4”.___“... A .._”.4“._.. " q”.___“... . LALLM .-“4“.”4”.'“.”.._“... L."
A A R R b W e e W Ju
- T - - - T T P N R
.__..4.___.__“.4....._.._...“.._....4.._...“.4....._.._...“.._....4.._...“ 4.__..___.___.__.” SN I LN e ek e
I A I N M A S A A L A A Al ) O A L SR M R T
e T T N N N N N
I LN A A A A LA A M AR R LR AL It B L A MR A T
i T T T e T T PO N R Ml
[yl AR A A R R A A R A L AL Lt R M R A
[} L R R R R R O R O R N S L A N R
T e e e T e e e PO L A A A SR M R N
L R M MR M T T T e e Ak
8 M A B A A M M Mt A A M AL M M Mt Mt A A M A Mt AR AL AR 2
L I L L
T G IO CAC HE M Nt M 0 A U ML A LML M M AT A R M AL M M AN NN M
I e R e R AR R R R N R R R A R L L )
| " e e w  waeae w ea ea a
L e R A e N N N il
T A Mt e A M I M A A NG AT T M LR AL It B L A MR A T
i T T T e T T e
[yl AR A A R R A A R A L R A e T
[} L R A R R R TR R A R N L A M N
T e ma a  aa  a aT w a PO S R A T
B U T e T P
A R A R R LA AERC A T
L T i R P L - e
AR A A B A R R L A T
LA R R R R RO R O R N w A
T A A T A R Ll L T
L e R R R R A R N A ]

LA I M A A AL R A M A A LA AERC A T
- T - - e T - e d
[N .q.__........___..“.__........___...“.__........._...“.__....... .__.“.__.._...__. .__.“__.._...__. AL IR M ot LA AEN A AERCAC ¥ T

N R A R R R X L A MR ]
B W w  ea l  elm  k o S I N M I N B N N . I
I A M M Mt At M AL M o o [

A A A A A Bk R L A T
pn T M e T T .4.___...4”...4._._...4”...4._._....;”..
AT T A A AT TR A AT TR AL s A A A A s A A e




U.S. Patent Nov. 7, 2023 Sheet 3 of 4 US 11,809,788 B2

LA ] L LA LI -
I N NN M) R0 BT SN L RN ER N
S l;:‘:.:-:q:q:q AL T E T TR E 'y . TR EE ¥ 'l-"'l-.luil ol Lt ke l" .
PR ) -Ta
R N . L St et >
R A B >
1 e - E
X »
1 k- Eal
. ‘4-4'_ hl"
o ¥
a-*':" _:_
> .
1 )
="
o7 e
rd
W
]
rh
-“'
»
:..
1k
)
o
R

'
r

WaTa e e

.
e a .
" -_-r:t._-_-‘q* .
Ll e N

’ ;1 ::Z :::

F]
-

- "..i.-'
Dl h-i-'q.
L
r l'i""ll-rilq
-
'

*
T‘T‘T'T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘l‘*'T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘T‘l‘

%

T T T T T T T T T T T T T T e T T T T Ta T T T Ta T Ta e T T e Ta T T e Ta B i e L I

i.‘i l‘l'_i.‘i I'il" "i l‘l'_i.‘i l‘l'_i.‘i "'l'_i.‘i l‘l'_i.‘i I'il-‘ "i"i'_i.‘i l‘l'_i.‘i l‘l.‘i.‘i l‘l'_i.‘i l‘l'_i.‘i l‘l'_i.‘i l‘l'_i.‘i l‘l'_i.‘i l‘l'_i.‘i l‘l'_i.‘i I'il-'l'"

Offset

.
A
A
;.
A
;.
A
;.
A
;.
A
;.
A
A
:.
- :
v ;
' o
1ﬂl }
1‘““ ;
“' :‘
- ;
’ A4
..'n. :
-‘. ;‘
T A
.“l :‘
B )
|
= i
A
Ly ;
' o
T A
l‘" :‘
- :
--:J.. ;‘
A
4 ‘
' o
T A
lr"l' :‘
"' !
-, ;‘
‘ o
- :
; ‘
) A
lr"l' :‘
“" !
v ;
2 :
A
]
' A4
1“ :‘
“J :
"' ;‘
* ;
' o
-
l.' 3 'r"#‘
& . r & -
L ] ol
" 3 A
* et
L a N
1 ; L
o 3 LI L
2 1 &1
- . L I b
4 ! P et
L] B N e
2 y . NN N I N A
we. T T I N A R T o T "'q-""l-"q."-‘-.‘..*..." .
T EFFEFFFSRFFYFYFYFYFysFYFyFEESFyFSESsy L L B N N N NN NN NN N NN N NN NN NN N NN NN “"l‘h‘h‘h‘}‘_‘.._l l.} > B F l.l 1.. Ay, .

AR ARSA AR A AR AR A AR RSN R

Fig.4



U.S. Patent

Fig.5a

Omax

e

L .
##########E#########
& .

e g e i s e S S s sy o s g e
L]

e e e e o

o

##}#########jﬁ########

i e e i

(!

-F#L#######

P B

Nov. 7, 2023

y
-l
F |

M

e

A EE X KX NKETET

gy g g g g g g

Satan

X,
H_a

il

P

d ill:.1-23"':|":|":|“an:

H:H:H:H:H:F: "
e tatatg ity it
A e N
A
Mo

Sheet 4 of 4

X &

R
o

-

]
A
L]
L] |
L
L] A
-l A
.r i
L] A
- |
- "
- 4
.
.

; ;l :1-' 2
ﬂfﬁﬂ

e g

£ v

Iq'i.'

. )
iy o A

US 11,809,788 B2

ig.5b

:"q."'vn.‘ﬁ.ﬁ"'vn.‘ﬁ.‘q.‘q.‘ﬁ.ﬁ"'vn.‘ﬁ.ﬁ"'vn.‘q."q."'v..‘ﬁ.ﬁ"'v..'T"n.‘q.ﬁ"'v..‘q.ﬁ"'v..‘q."q.ﬂ‘q.‘q."'v..‘q.ﬁ"'v..ﬁ‘q."'v..‘q.t"'v..‘q.ﬁ"'v..‘q.‘q."'v..‘q.‘q."'v..‘q.‘q."'vn.‘q.ﬁ"'vn.‘ﬁ.ﬁﬁﬁﬂhﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ#
[

A .
! A i ]
S IS P P OPYORYOFRORN R MM w FOFN OB OF RN N MY R P P FNOPY R R MY RN MY M) -..._.-..._.-...‘-

. .
-.....-.....-......'-....-.....-.....-.....-.....-.....-.....

*
-
[

L SV By B By B B A B N

-



US 11,809,788 B2

1

METHOD FOR SIMULATING THE
PHYSICAL BEHAVIOR OF A TIRE AND
APPLICATION TO REAL-TIME
SIMULATION

1. FIELD OF THE INVENTION

The 1nvention relates, broadly, to the techniques linked to
the equipping of motor vehicles with tyres. It relates more
particularly to a method for simulating the physical behav-
iour of a tyre equipping a vehicle that 1s stationary or
virtually stationary on the ground with which the tread of the
tyre has a contact area including a gripping contact zone and
a sliding contact zone, the vehicle having a steering lock
angle likely to vary during the simulation. The invention
relates also to the application of the method of the mnvention
to the real-time simulation of the dynamic behaviour of a
vehicle provided with at least one tyre.

10

15

2. PRIOR ART 20

The invention falls within the scope of a refinement of the
TameTire software (registered trademark of the company
Michelin) that implements a method for simulating the
physical behaviour of a tyre equipping a vehicle rolling on 23
the ground. The method 1s described 1n detail 1n the patent
document FR 2 905 496. In particular, the method makes 1t
possible to calculate in real time the longitudinal forces, the
transverse forces and a self-alignment torque of the tyre. The
self-alignment torque is the torque exerted on the tyre at the 3¢
interface with the ground, about an axis Z passing through
the centre of the contact area, orthogonal to the surface of the
ground and pointing upwards. The TameTire soitware did
not initially offer a reliable simulation of the physical
behaviour of the tyre in a stationary or virtually stationary 32
steering lock situation, or 1n a transitional phase between the
vehicle being stationary and rolling.

The existing models for simulating the behaviour of the
tyre 1 a stationary or virtually stationary steering lock
situation do not make it possible to take account of the 4V
physical parameters that are characteristic of the tyre, in
particular of the estimation of the lengths and widths of
contact areas, of the shear stiflness of the tread, on the

grooving rate in the tread or the stifiness of the tyre.

45
3. OBJECTIVES OF THE INVENTION

The mvention proposes a solution that aims to mitigate
the abovementioned drawbacks. In particular, one objective
ol the invention 1s to propose a simulation of the behaviour 50
of the tyre 1n a stationary or virtually stationary steering lock
situation and in a situation of transition to rolling which
takes account of the physical parameters characteristic of the

tyre and which 1s compatible with a real-time application.
55

4. SUMMARY OF THE INVENTION

The invention relates to a method for simulating the
physical behaviour of a tyre equipping a vehicle that 1s
stationary or virtually stationary on the ground with which 60
the tread of the tyre has a contact area including a gripping,
contact zone and a sliding contact zone, the method being
implemented by a computer, the vehicle having a steering
lock angle that varies during the simulation, this method
being characterized 1n that 1t comprises the following steps 65
to calculate a resultant force transmaitted by the tyre between
the ground and the vehicle at a given instant:

2

modelling of the contact area 1n the form of a square

surface,
discretization of the square surface by a subdivision 1nto
slices orthogonal to the direction of travel of the tyre,

for each slice, determination of the nature of the contact,
gripping or sliding, between the slice and the ground as
a Tunction of the steering lock angle,

for each slice, calculation of the elementary force exerted
on the slice by application of predetermined equations,
specific according to the nature of the contact, gripping,
or sliding, and expressed as a function of dynamic
parameters linked to the conditions of use of the tyre
and as a function of physical parameters characteristic
of the tyre,

calculation of the resultant force by integration of the

clementary forces over the entire square surface.

A stationary or virtually stationary vehicle 1s understood to
be a vehicle that has a speed below a speed threshold, for
example 0.1 m/s. Such a method offers an aid to the design
of the tyres inasmuch as 1t allows for a fine modelling of the
forces transmitted by the tyre between the ground and the
vehicle i the context of manoeuvres when stationary or
virtually stationary, for example 1n a manoeuvre aiming to
park the vehicle. The modelling of the forces transmitted by
the tyre between the ground and the vehicle also makes 1t
possible to deduce therefrom the forces transmitted to the
steering wheel 1n a manoeuvre. Thus, when the method 1s
coupled with a modelling of the vehicle, for example 1n a
driving simulator, it can constitute an aid to the design of the
steering systems. The method allows for a particularly fine
modelling of the forces because it finely models the tyre by
taking account of the physical parameters that are charac-
teristic of the tyre. In practice, the method of the invention
makes it possible to link the design parameters of a tyre with
a resultant datum without needing to measure the tyre on a
test machine. It also makes it possible to easily vary the
design parameters 1n order to see the eflects directly on the
result of the simulation.

According to a particular embodiment of the invention,
the contact area having a substantially rectangular form of
length L and of width 1, the square surface modelling the
contact area has sides of dimension (L+1)/2 corresponding to
the average of the length L and of the width 1. Such a
modelling of the contact area makes it possible to obtain
results that are more representative of reality, in particular to
faithfully represent an alignment torque, despite a discreti-
zation of the contact area 1n a single direction, in slices
orthogonal to the direction of travel of the tyre. A discreti-
zation ol the contact area in a single direction makes it
possible, compared to a discretization 1n two mutually
orthogonal directions, to reduce the computation time but
proves unsatisfactory in the absence of modelling in the
form of a square surface in the case of large tyres, hence the
proposed step of transition to a contact area of square form.

According to a particular embodiment of the invention,
the calculated resultant force models a self-alignment
torque. The modelling of the self-alignment torque makes 1t
possible to determine forces deriving from the ground on the
tyre and that can be transmitted to the steering wheel through
the steering of the vehicle. Thus, that can make 1t possible
to better define the force and torque stresses that assisted
steering has to withstand.

According to a particular embodiment of the invention,
the steering lock angle considered 1s the steering lock angle
relative to an 1nitial steering lock angle corresponding:

to the slip angle 11 there has been slip of the tyre when

stationary; or
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to the steering lock angle applied at the last instant of

non-zero speed otherwise. The consideration of a steer-

ing lock angle relative to an 1nitial steering lock angle

makes 1t possible to take account of the hysteresis
phenomena involved in a steering lock when stationary
or virtually stationary.

According to a particular embodiment of the invention,
the determination of the nature of the contact, gripping or
sliding, between the slice and the ground 1s performed as a
function of the absolute value of the steering lock angle and
of 1ts direction of variation. This 1s a simple and reliable way
ol determining the nature of the contact.

According to a particular embodiment of the invention,
the determination of the nature of the contact, gripping or
sliding, between the slice and the ground comprises the
comparison of the absolute value of the steering lock angle
to a threshold value calculated specifically for each slice.

According to a particular embodiment of the invention,
the determination of the nature of the contact, gripping or
sliding, between the slice and the ground determines that:

the contact 1s gripping:

if the absolute value of the steering lock angle 1s less
than the threshold value, or

i the absolute value of the steering lock angle 1s greater
than the threshold value and the direction of varia-
tion of the steering lock angle 1s reversed;

the contact 1s slipping:

i the absolute value of the steering lock angle 1s greater
than the threshold value and the direction of varia-
tion of the steering lock angle 1s retained.

According to a particular embodiment of the invention,
the threshold value calculated specifically for each slice is:

proportional:

to the coetlicient of adhesion between the rubber of the
tyre and the ground,

to the local contact pressure,

to the thickness of the tread;

and inversely proportional:

to the shear modulus of the tread,

to the softening coeflicient of the tread,

to the grooving rate of the tread,

to the distance of the slice relative to a central slice.

According to a particular embodiment of the mvention,
for a gripping contact, the elementary forces calculated for
the modelling of the self-alignment torque are:

proportional:

to the shear modulus of the tread,

to the softening coeflicient of the tread,

to the grooving rate of the tread,

to the square of the distance of the slice relative to a
central slice,

to the width of the contact area,

to the steering lock angle,

to the width of the slice;

and mversely proportional:

to the thickness of the tread.

According to a particular embodiment of the mvention,
for a sliding contact, the elementary forces calculated for the
modelling of the self-alignment torque are:

proportional:

to the coellicient of adhesion between the rubber of the
tyre and the ground,

to the local contact pressure,

to the distance of the slice relative to a central slice,

to the width of the contact area,

to the width of the slice.

10

15

20

25

30

35

40

45

50

55

60

65

4

According to a particular embodiment of the mnvention, 1n
a transitional phase between the vehicle being stationary and
rolling, the resultant force 1s calculated from the sum:

of a first term corresponding to a resultant force calculated

in an assumption of the vehicle being stationary, the

first term being weighted by a first coellicient that 1s

variable between 0 and 1 and that decreases exponen-
tially with the distance travelled from stationary, and

of a second term corresponding to a resultant force

calculated 1n an assumption of the vehicle rolling, the

second term being weighted by a second coeflicient that

1s variable between 0 and 1 and that increases expo-
nentially with the distance travelled from stationary;

the sum of the first coetlicient and of the second coetli-

cient being equal to 1. Such a calculation makes 1t possible

to take account of the relaxation of the forces with rolling.

According to a particular embodiment of the invention, 1n
a transitional phase between the vehicle being stationary and
rolling, the resultant force 1s calculated from a coeflicient of
adhesion obtained by the sum:

of a first term corresponding to a coetlicient of adhesion

in an assumption of the vehicle being stationary, the
first term being weighted by a first coeflicient that 1s
variable between 0 and 1 and that decreases exponen-
tially with the distance travelled from stationary;

of a second term corresponding to a coeflicient of adhe-

sion 1n an assumption of the vehicle rolling, the second
term being weighted by a second coeflicient that 1s
variable between O and 1 and that increases exponen-
tially with the distance travelled from stationary;

the sum of the first coethicient and of the second coetl-
cient being equal to 1. Such a calculation makes it possible
to take account of the modification of the coeflicient of
adhesion with rolling.

The mvention relates also to the application of the method
of the invention to the real-time simulation of the dynamic
behaviour of a vehicle provided with at least one tyre. The
real-time simulation makes 1t possible to integrate the
method with a driving simulator. Furthermore, the dynamic
parameters deriving from the driving simulator reflect the
reality more faithiully than a simple mathematical model.
The simulation obtained 1s therefore particularly fine.

"y

J. BRIEF DESCRIPTION OF FIGURES

Other mmventive features and advantages will emerge from
the following description, given in an indicative and non-
limiting manner, with reference to the attached drawings, 1n
which:

FIG. 1 represents a flow diagram of a method according
to an embodiment of the invention;

FIG. 2a represents a schematic view of a contact area of
a tyre;

FIG. 2b represents a square surface modelling the contact
area of FI1G. 2a;

FIG. 3 represents a discretization of the square surface of
FIG. 2b by a subdivision to slices;

FIG. 4 1s a graph representing the value of the seli-
alignment torque (Mz) as a function of the value of the real
steering lock angle;

FIGS. 5a and 5b represent the contact area of FIG. 2a
respectively 1 an initial state with an 1mitial steering lock
angle and 1n a steering lock state when stationary relative to
the mitial steering lock angle; and



US 11,809,788 B2

S

FIG. 6 1s a graph representing the threshold value of the
steering lock angle for a slice as a function of the abscissa
ol the slice.

6. DETAILED DESCRIPTION

FIG. 1 represents a tlow diagram of a method according
to an embodiment of the invention.
The method comprises:
a first step Ea of modelling of the contact area 1n the form
ol a square surface;

a second step Eb of discretization of the square surface by
a subdivision into slices orthogonal to the direction of
travel of the tyre;

a third step 1n which, for each slice, there 1s a determi-
nation Ec of the nature of the contact, gripping or
sliding, between the slice and the ground as a function
of the steering lock angle;

a fourth step 1n which, for each slice, there 1s the calcu-
lation Ed of the elementary force exerted on the slice by
the application of predetermined equations, specific
according to the nature of the contact, gripping or
sliding, and expressed as a function of dynamic param-
cters linked to the conditions of use of the tyre and as
a function of physical parameters characteristic of the
tyre; and

a fifth step Ee of calculation of the resultant force by
integration of the elementary forces over the entire
square suriace.

Hereinbelow, the modelling method will be detailed 1n an
exemplary case i which the resultant force calculated
models a self-alignment torque Mz.

FIGS. 2a and 25 show the first step Ea of modelling of the
contact area in the form of a square surface. FIG. 2a
represents a contact area S having a substantially rectangular
form of length L and of width 1. The length L of the contact
area S 1s aligned with the direction of travel of the tyre
represented by the axis X0. According to a particular
embodiment of the first step, the contact area S 1s modelled
by a square surface S' represented i FIG. 2b and having
sides of dimension (L+1)/2 corresponding to the average of
the length L. and of the width 1 of the contact area S. The
square surface S' comprises two sides aligned with the
length of the contact area S and two sides aligned with the
width of the contact areca S. This modelling 1s equivalent,
from a point of view of the self-alignment torque when
stationary or virtually stationary, to the real contact area.

FI1G. 3 represents a discretization Eb of the square surface
S' of FIG. 26 by a subdivision into slices T in accordance
with the second step of the method of the invention. The
slices T obtained are rectangular. They have a length of
dimension (LL+1)/2 orthogonally to the direction of travel and
a width dr according to the direction of travel. Each slice T
1s registered by the abscissa r of 1ts centre on the axis X0, the
zero abscissa being fixed at the centre of the square surface
S'. The zero abscissa of point corresponds to the pivot point
of the tyre 1n a steering lock when stationary.

Optionally, an additional discretization of the square
surface orthogonally to the discretization 1n slices described
above could be performed 1n order to refine the results of the
modelling. However, this option creates an increase in
computation time in the implementation of the method,
while the modelling in the form of a square area already
makes 1t possible to obtain highly satisfactory results.

The third step of the method 1s detailed heremnbelow. This
step comprises, for each slice, a determination Ec of the
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nature of the contact, gripping or sliding, between the slice
T and the ground as a function of the steering lock angle.

FIG. 4 1s a graph representing the value of the seli-
alignment torque Mz as a function of the value of the real
steering lock angle ® 1n a steering lock cycle. The real
steering lock angle corresponds to the angle between the
orientation of the wheel and the axis of the vehicle. By
convention, the real steering lock angle increases when the
driver steers to the right and decreases when the driver steers
to the left; the self-alignment torque 1s positive when 1t 1s
exerted in the clockwise direction relative to an axis Z
passing through the centre of the contact area, orthogonal to
the surface of the ground and pointing upwards, and the
self-alignment torque 1s negative when 1t 1s exerted in the
counter clockwise direction relative to the axis Z. It will be
noted that that corresponds to a non-direct reference frame
system (positive angle upon a rotation 1 the clockwise
direction).

The person skilled 1n the art will be able to modity the
various parameters for a counter clockwise rotation.

In the mitial situation represented by the point A, the
self-alignment torque has a zero value for a zero real steering
lock angle. From the point A, the driver steers to the right
and the absolute value of the self-alignment torque increases
with the real steering lock angle. Then, from the point B, the
driver counter-steers to the left and the steering lock angle
decreases, which leads to a drop 1n the absolute value of the
self-alignment torque. The cycle represented highlights a
phenomenon of hysteresis mnasmuch as the self-alignment
torque 1s once again cancelled at a point C distinct from the
point A. At the point C, the steering lock angle has a value
O, .. that 1s positive. Between the point A and the point C,
the self-alignment torque has positive values.

From the point C, the driver continues to steer to the left.
As the driver continues to steer to the left, the real steering
lock angle decreases to be cancelled and then take negative
values. Simultaneously with the steering to the left, the
absolute value of the self-alignment torque increases but the
self-alignment torque this time has negative values. Then,
from the point D, the driver counter-steers to the right and
the steering lock angle once again increases, which leads to
a drop 1n the absolute value of the self-alignment torque. The
self-alignment torque 1s once again cancelled at a point E
distinct from the points A and C. At the point E, the steering
lock angle has a value Goflset' that 1s negative. Between the
pomnt C and the pomnt E, the self-alignment torque has
negative values.

From the point E, the driver continues to steer to the right.
As the driver continues to steer to the right, the real steering
lock angle increases to be cancelled then take positive
values. Simultaneously with the steering to the right, the
absolute value of the self-alignment torque increases and the
self-alignment torque this time has positive values. Then,
from the point B, the driver counter-steers to the left and the
steering lock angle once again decreases, which leads to a
drop 1n the absolute value of the self-alignment torque. The
self-alignment torque 1s once again cancelled at the point C.
Between the pomnt E and the pomnt C, the self-alignment
torque has positive values. This cycle can continue thus from
the point C as described above.

(Given the hysteresis, the steering lock angle ® considered
to study the curve 1s:

Oreal between the point A and the point C,

(Oreal-Ooflset) between the point C and the point E; and

(Oreal-Ooflset') between the point E and the point C.

Thus, the curve of the graph can be broken down into four
types of phases.
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In a first phase 1, called guasi-linear phase, the torque Mz
increases proportionally to the steering lock angle ®. The
tyre 1s gripping with the ground over all the contact area, the
rubber of the tread 1s sheared and the tyre 1s twisted.

In a second phase 2, called transitional phase, the increase
1n the torque Mz with the steering lock angle @ 1s less great.
An 1ncreasingly large portion of the tread slips, the maxi-
mum shearing of the rubber 1s reached. The tyre continues
to be twisted.

In a third phase 3, called saturation phase, the torque Mz
no longer increases practically with the steering lock angle
®. The tyre saturates at the level of the shearing of the tread
and consequently slips over almost all the contact area.
Maximum twist 1s reached.

In a fourth phase 4, called de-shearing phase, the wheel 1s
steered 1n the other direction, the torque Mz decreases
strongly with the reduction of the angle ®. The tyre straight-
ens and the shearing drops almost linearly over all the
contact area and 1s cancelled for a steering lock angle value,
called angle of slide.

The graph of FIG. 4 thus makes it possible to determine
the nature of the contact, gripping or sliding, between the
slice T and the ground as a function of the steering lock
angle 0.

Firstly, the steering lock angle considered for the deter-
mination of the nature of the contact must take account of
the phenomenon of hysteresis observed above, the phenom-
enon of hysteresis introducing an angle of shide. FIG. 5a
represents the contact area of FIG. 2a 1n an 1nitial state with
an 1nitial steering lock angle ®, applied at the last instant of
zero self-alignment torque. When a steering lock has already
taken place when stationary with shp, the 1nitial steering
lock angle ®, corresponds to the angle of slide described
above. Otherwise, the mitial steering lock angle ®, corre-
sponds to the steering lock angle applied at the last instant
of non-zero speed. FIG. 56 represents the contact area in a
steering lock state when stationary relative to the initial
steering lock angle. In the 1nitial state, the direction of travel
of the tyre 1s represented by the axis X0 and 1n the steering
lock state, the direction of travel of the tyre 1s represented by
the axis Xt. The angle formed between the axis X0 and the
axis Xt 1s the steering lock angle ®&. Thus, the steering lock
angle ® considered 1s the steering lock angle relative to an
initial steering lock angle ®, taking account of the relaxation
of the tyre if there has been an 1nitial rolling phase.

The steering lock angle considered 1n the calculations 1s
therefore expressed as follows:

0=0real—9,

Secondly, the determination of the nature of the contact,
oripping or sliding, between the slice and the ground 1is
performed as a function of the absolute value of the steering
lock angle ® and of its direction of variation.

In particular,

for each slice T8,=0, . . .,.d0,as long as the threshold
1s not exceeded and 9,=0, __otherwise. Therefore, when the
threshold 1s exceeded, the O, considered at each slice n
remains constant while the steering lock angle continues to
increase. The offset linked to the sliding therefore results
from this thresholding.

Note that the sliding 1s different for each “slice” of the
tyre. The offset linked to the sliding 1s therefore different for
each of the slices of the tyre. On the other hand, the offset
linked to a non-zero steering lock angle after a rolling phase,
or to the relaxation of the tyre, 1s global, that 1s to say that

1t 1s the same for all the slices.
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FIG. 6 1s a graph representing the threshold value ®max
of the steering lock angle for a slice as a function of the
abscissa r of the slice. The graph shows that the central
slices, that 1s to say of abscissa r close to 0, have a high
threshold value ®max; indeed, the threshold value ®max
tending towards +c when the abscissa r tends toward 0.
Consequently, the central slices grip more. On the other
hand, the peripheral slices, that 1s to say of abscissa r away
from 0, have a low threshold value ®max; indeed, the
threshold value ®max tending towards 0 when the abscissa
tends towards +oo or —eo. Consequently, the peripheral slices
slide more.

The threshold value ®max i1s given by the following
equation:

H-P-exuy
G x - Ass - ent - abs(#)

fmax =

Thus, the threshold value ®max is:

proportional;
to the coefficient of adhesion (u) between the rubber of
the tyre and the ground,
to the local contact pressure (P),
to the thickness of the tread (ex,,),
and inversely proportional:
to the shear modulus (G*) of the tread,
to the softening coefficient of the tread (Ass),
to the grooving rate of the tread (ent),
to the distance (abs(r)) of the slice relative to a central
slice.
The direction of variation of ®, that 1s to say the direction
of the steering lock, 1s determined by the sign of the
difference between the value of the steering lock angle

O(t+1) at the instant t+1 and the value of the steering lock
angle ®(t) at the preceding instant f:

Variation Direction 9=sign{0(+1)—0(7))

The determination of the nature of the contact, gripping or
sliding, between the slice and the ground, determines that:
the contact 1s gripping:
if the absolute value of the steering lock angle @ 1s less
than the threshold value ®max, or
if the absolute value of the steering lock angle ® 1s
greater than the threshold value ®max and the direc-
fion of variation of the steering lock angle 1s
reversed;
the contact 1s slipping:
if the absolute value of the steering lock angle ® 1s
greater than the threshold value ®max and the direc-
tion of variation of the steering lock angle 1s retained.
The fourth step 1s detailed hereinbelow. In this step, for
each slice, there 1s the calculation Ed of the elementary force
exerted on the slice by application of predetermined equa-
tions, specific according to the nature of the contact, grip-
ping or shiding, and expressed as a function of dynamic
parameters (for example the steering lock angle or the
pressure of the tyre) linked to the conditions of use of the
tyre and as a function of physical parameters (for example
the estimation of the lengths and widths of contact areas, the
shear stiffness of the tread, the grooving rate in the tread or
the stiffness of the tyre) that are characteristic of the tyre.
For a gripping contact, the elementary forces calculated
for the modelling of the self-alignment torque Mz are
obtained by the following formula:
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Gx -Ass-ent-r*-0T -L-dr

EXM

dMz =

Thus, for a gripping contact, the elementary forces calcu-
lated for the modelling of the self-alignment torque Mz are:
proportional:
to the shear modulus (G*) of the tread,
to the softening coefficient of the tread (Ass),
to the grooving rate of the tread (ent),
to the square of the distance (abs(r)) of the slice relative
to a central slice,
to the width of the contact area ((LL+1)/2),
to the steering lock angle of the slice (0);
to the width of the slice (dr);
and 1nversely proportional:
to the thickness of the tread (er.,,).
For a sliding contact, the elementary forces calculated for
the modelling of the self-alignment torque (Mz) are obtained
by the following formula:

dMz=u-P-1.-abs(r)-Variation Direction 9-dr

Thus, for a sliding contact, the elementary forces calculated
for the modelling of the self-alignment torque (Mz) are:
proportional:
to the coefhicient of adhesion (u) between the rubber of
the tyre and the ground,
to the local contact pressure (P),
to the distance (abs(r)) of the slice relative to a central
slice,
to the width of the contact area ((LL+1)/2),
to the direction of variation of ®a
to the width of the slice (dr).

In the fifth step Ee of calculation of the resultant force, the
resultant force 1s calculated by integration of the elementary
forces over the entire square surface. The integration for-
mula 1s as follows:

Mz = ’"f dMz

FIHIm

Also provided i1s the calculation of a resultant force 1n a
transitional phase between the vehicle being stationary and
rolling. By convention, the vehicle 1s considered to be
stationary when 1ts speed 1s below a speed threshold. In an
1llustrative and nonlimiting manner, the speed threshold is
for example 0.1 m/s. In a transitional phase between the
vehicle being stationary and rolling, the resultant force 1s
calculated from the sum:

of a first term Mz, . ..., corresponding to a resultant

force calculated 1n an assumption of the vehicle being
stationary, the first term being weighted by a first
coefficient e ™" that is variable between 0 and 1 and
that decreases exponentially with the distance D trav-
elled from stationary, and

of a second term Mz, ,,,. corresponding to a resultant

force calculated 1n an assumption of the vehicle rolling,
the second term being weighted by a second coefficient
(1—e~"""Y) that is variable between 0 and 1 and that
increases exponentially with the distance D travelled
from stationary;

the sum of the first coefficient and of the second coefii-

cient being equal to 1.

For example, 1n the case of the calculation of the self-

alignment torque Mz, the formula used 1s as follows:
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LD _LD
DD) “"Mzmﬂ’fng (1 — € DD)

Mz = Mfsmrfﬂnmy ' ("EIr

In which:

D 1s the distance travelled from the last stop; and

DO 1s a predetermined coefficient, that 1s to say a numeric

value set 1n advance.

Furthermore, to take account of the relaxation of the
self-alignment torque 1n a transitional phase between the
vehicle being stationary and rolling, the steering lock angle
® used 1n the calculations 1s obtained by the formula:

L,
0 = (Breal — Gy)e DO

In which:

D 1s the distance travelled from the last stop; and

DO’ 1s a predetermined coefficient, that 1s to say a numeric

value set 1n advance.

In a way similar to what 1s done for the self-alignment
torque, 1n a transitional phase between the vehicle being
stationary and rolling, the coefficient of adhesion p in a stafic
situation (stationary) 1s different from the coefficient of
adhesion at high slipping speed (rolling). To best represent
this transition in the calculations, there i1s the sum:

of a first term WY, 0.0~ COrresponding to a coefficient of

adhesion 1n an assumption of the vehicle being station-
ary, the first term being weighted by a first coefficient
e ’PY that is variable between 0 and 1 and that
decreases exponentially with the distance D travelled
from stationary,

of a second term W, corresponding to a coetficient ot

adhesion 1n an assumption of the vehicle rolling, the
second term being weighted by a second coefficient
(1-e=""PY") that is variable between 0 and 1 and that

increases exponentially with the distance D travelled
from stationary;
the sum of the first coethicient and of the second coeth-
cient being equal to 1.
For example, the formula used 1s as follows:

D D
= — ==
H = Ustarionary (E DO ) + Wroliing - (1 —e D0 )

In which:

D 1s the distance travelled from the last stop; and

DO0" 1s a predetermined coefficient, that 1s to say a numeric

value set 1n advance.

The 1nvention 1s described 1n the above by way of
example. It 1s understood that the person skilled in the art
will be able to produce different variant embodiments of the
invention, by associating, for example, the various features
above taken alone or in combination, without 1n any way
departing from the scope of the invention.

The 1mnvention claimed 1s:

1. A method for simulating a physical behavior of a tire
equipping a vehicle, the method being implemented by a
computer and comprising the following steps:

measuring conditions of use of the tire, physical param-

eter characteristics of the tire, and a direction of travel
of the tire;
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modelling a contact area of a tread of the tire with a
ground 1n a form of a square surface, wherein the
contact area includes a gripping contact zone and a
sliding contact zone;

discretizing the square surface by subdivision nto slices
orthogonal to the direction of travel of the tire;

for each of the slices, calculating a nature of a contact,
gripping or sliding, between the slice and the ground as
a Tunction of a steering lock angle, wherein the vehicle
1s stationary or virtually stationary on the ground
having the steering lock angle that varies during simu-
lation;

for each of the slices, calculating an elementary force
exerted on the slice by application of predetermined
equations, specific according to the nature of the con-
tact, gripping or sliding, and expressed as a function of
dynamic parameters linked to the conditions of use of
the tire and as a function of the physical parameter
characteristics of the tire;

calculating a resultant force transmitted by the tire
between the ground and the vehicle at a given instant by
integration of the elementary forces over an entirety of
the square surface to link design parameters of the tire
with the resultant force; and

simulating the physical behavior of the tire based on the
calculating of the resultant force.

2. The method according to claim 1, wherein, the contact
area having a substantially rectangular form of length L and
of width 1, the square surtace modelling the contact area has
sides of dimension (LL+1)/2 corresponding to an average of
the length L. and of the width 1.

3. The method according to claim 1, wherein the calcu-
lated resultant force models a self-alignment torque.

4. The method according to claim 1, wherein the steering
lock angle 1s the steering lock angle relative to an 1nitial
steering lock angle corresponding to the steering lock angle
applied at a last incident of non-zero speed.

5. The method according to claim 1, wherein determining,
the nature of the contact, gripping or sliding, between the
slice and the ground, 1s performed as a function of an
absolute value of the steering lock angle and of a direction
ol variation of the steering lock angle.

6. The method according to claim 5, wherein the deter-
mimng the nature of the contact, gripping or shding,
between the slice and the ground, comprises comparison of
the absolute value of the steering lock angle to a threshold
value calculated specifically for each slice.

7. The method according to claim 6, wherein determining,
the nature of the contact, gripping or sliding, between the
slice and the ground, determines that:

the contact 1s gripping 11 the absolute value of the steering
lock angle i1s less than the threshold value, or 11 the
absolute value of the steering lock angle 1s greater than
the threshold value and the direction of variation of the
steering lock angle 1s reversed; and

the contact 1s sliding i1t the absolute value of the steering
lock angle 1s greater than the threshold value and the
direction ol variation of the steering lock angle 1s
retained.

8. The method according to claim 7, wherein the threshold
value induces a slip of each of the slices for which the
resultant force overall of the slices generates an oflset linked
to the slip creating a hysteresis eflect.

9. The method according to claim 6, wherein the threshold
value calculated specifically for each slice (T) 1s:
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proportional to a grip coellicient between a rubber of the
tire and the ground, to a local contact pressure, and to
a thickness of the tread; and
inversely proportional to a shear modulus of the tread, to
a softening coellicient of the tread, to a grooving rate of
the tread, and to a distance of the slice relative to a
central slice.
10. The method according to claim 3, wherein, for a
gripping contact, the elementary forces calculated for the

modelling of the self-alignment torque are:
proportional to a shear modulus of the tread, to a softening
coellicient of the tread, to a grooving rate of the tread,
to a square of a distance from the slice relative to a
central slice, to a width of the contact area ((L+1)/2), to
the steering lock angle of the slice, and to a width of the
slice; and

inversely proportional to a thickness of the tread.

11. The method according to claim 3, wherein, for a
sliding contact, the elementary forces calculated for the
modelling of the self-alignment torque are:

proportional to a coeflicient of adhesion between a rubber

of the tire and the ground, to a local contact pressure,
to a distance of the slice relative to a central slice, to a
width of the contact area ((L+1)/2), and to a width of
the slice.

12. The method according to claim 1, wheremn, 1 a
transitional phase between the vehicle being stationary and
running, the resultant force 1s calculated from a sum:

of a first term corresponding to a resultant force calculated

in an assumption of the vehicle being stationary, the
first term being weighted by a first coeflicient that 1s
variable between O and 1 and that decreases exponen-
tially with the distance travelled from being stationary;
and

of a second term corresponding to a resultant force

calculated 1n an assumption of the vehicle rolling, the
second term being weighted by a second coeflicient that
1s variable between O and 1 and that increases expo-
nentially with the distance travelled from being station-
ary;

the sum of the first coe

cient being equal to 1.

13. The method according to claim 1, wherein, 1n a
transitional phase between the vehicle being stationary and
rolling, the resultant force 1s a coeflicient of adhesion
obtained by a sum:

of a first term corresponding to a coethicient of adhesion

Wy sarionary 11 @0 assumption of the vehicle being station-
ary, the first term being weighted by a first coethicient
that 1s variable between 0 and 1 and that decreases
exponentially with the distance travelled from being
stationary; and

ol a second term corresponding to a coellicient of adhe-

s1on [, ;... 10 an assumption of the vehicle rolling, the
second term being weighted by a second coeflicient that
1s variable between 0 and 1 and that increases expo-
nentially with the distance travelled from being station-
ary,

the sum of the first coe

cient being equal to 1.

14. A method of real-time simulating dynamic behavior of
a vehicle provided with at least one tire comprising per-
forming the method according to claim 1.

- e

1cient and of the second coeth-

= T ]

1cient and of the second coeth-

G ex x = e



	Front Page
	Drawings
	Specification
	Claims

